A validation of neural co-activation as a measure of attentional focus in a postural task by Ellmers, T et al.
Accepted Manuscript
Title: A validation of neural co-activation as a measure of
attentional focus in a postural task
Author: Toby J. Ellmers Guilherme Machado Thomson
Wai-Lung Wong Frank Zhu A. Mark Williams William R.
Young
PII: S0966-6362(16)30520-3
DOI: http://dx.doi.org/doi:10.1016/j.gaitpost.2016.09.001
Reference: GAIPOS 5150
To appear in: Gait & Posture
Received date: 27-3-2016
Revised date: 25-7-2016
Accepted date: 1-9-2016
Please cite this article as: Ellmers Toby J, Machado Guilherme, Wong Thomson
Wai-Lung, Zhu Frank, Williams A Mark, Young William R.A validation of neural
co-activation as a measure of attentional focus in a postural task.Gait and Posture
http://dx.doi.org/10.1016/j.gaitpost.2016.09.001
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.
1 
 
 
 
Title:                   A validation of neural co-activation as a measure of attentional focus in a 
postural task 
 
Authors:             Toby J. Ellmersᵃ, Guilherme Machadoᵇ, Thomson Wai-Lung Wongᶜ, Frank 
Zhuᶜᵈ, A. Mark Williamsᵃ, William R. Youngᵉ 
 
Affiliations:        ᵃ Department of Life Sciences, Brunel University London, UK 
ᵇ Centre of Research and Studies in Soccer, Universidade Federal de 
Viçosa, UFV, Brazil 
ᶜ Institute of Human Performance, The University of Hong Kong, PR China 
ᵈ Department of Orthopedics and Traumatology, The University of Hong 
Kong, PR China 
ᵉ Department of Clinical Sciences, Brunel University London, UK  
Corresponding Author: 
Toby Ellmers 
Department of Life Sciences  
College of Health and Life Sciences 
Brunel University London  
UB8 3PH, United Kingdom 
Email: toby.ellmers@brunel.ac.uk 
Tel: +44 (0)1895 266500 
 
Word Count:              1,308 
Acknowledgements:  This research was supported by The Royal Society (IE131576) and 
British Academy (SG132820). Guilherme Machado‟s participation 
was supported by the Fellow in Science Without Borders Program at 
CAPES, Brazil. 
 
  
2 
 
 
 
Highlights 
 Neural co-activation between verbal-analytical and motor areas was measured  
 Co-activation was sensitive to voluntary changes in attentional focus 
 Findings support validity of co-activations as a measure of attention during posture 
 There were no between-group (high/low-reinvestment) differences 
 Co-activation may not provide an indication of trait-reinvestment during posture 
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Abstract 
Postural threat can induce conscious involvement in movement control. This internal 
focus has been implicated in compromising attentional processing efficiency during postural 
control, leading to behavioral adaptations that might increase the risk of falling in the elderly. 
It is suggested that electroencephalography (EEG) coherence, or „communication‟, between 
T3 (verbal-analytical) and Fz (motor-planning) regions may provide an objective measure of 
internal focus in learned movement skills. However, it is currently unknown whether this 
experimental technique can be applied to the control of gait and posture; skills which develop  
early in life, without the use of declarative knowledge/explicit verbal cues to guide 
performance. We validate the utility of the EEG T3-Fz coherence analysis in a postural task. 
A total of 24 young adults produced small voluntary swaying movements in medial-lateral or 
anterior-posterior direction under conditions that directed their attentional focus either 
internally or externally. Although EEG coherence was sensitive to voluntary changes in 
attentional focus, the lack of observed between-group (High/Low-trait-reinvestment) 
difference in coherence may suggest that younger adults cannot be assumed to utilize explicit 
verbal cues to control voluntary postural sway unless explicitly instructed to do so. As a 
result, while these results indicate that EEG T3-Fz is a valid technique for assessing 
attentional focus in postural tasks, our data do not support the clinical application of this 
method of analysis in providing an objective indication of trait-reinvestment in tasks 
involving voluntary postural sway. 
 
Key Words:                 Attentional focus; Reinvestment; Postural control; T3-Fz EEG 
coherence 
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1. Introduction 
Although the control of gait and posture requires some degree of conscious cognitive 
involvement, these processes can be governed using largely automatic processes [1]. 
However, researchers have demonstrated that anxiety can induce conscious involvement in 
these movements [2,3]; a phenomenon known as „reinvestment‟ [4]. Reinvestment has been 
implicated in compromising attentional processing efficiency during postural control [5], 
leading to behavioral adaptations [2] that may increase the risk of falling in the elderly [3].  
Neuroscientists have indicated that electroencephalography (EEG) may provide an 
objective measure of reinvestment. An increase in EEG coherence, or „communication‟, 
between T3 (verbal-analytical) and Fz (motor-planning) regions, but not between T4 
(visuospatial) and Fz regions, has been reported in high-trait-„reinvesters‟ during a golf-
putting task [6], implying conscious (verbal) movement control. The emergence of low-cost, 
portable, EEG systems means that researchers now have an objective method of assessing 
attentional focus that could make substantial contributions to the clinical assessment of 
posture and gait.  
However, the theory of reinvestment originated from observing sporting tasks 
(ontogenetic, situation-specific skills learned by using declarative knowledge/explicit verbal 
cues to guide performance [4]). Indeed, the term reinvestment relates to the process whereby 
performers „reinvest‟ cognitive effort into controlling movements using explicit rules learned 
in early skill development. However, phylogenic skills („generic‟ skills fundamental to 
normal development, such as postural control) are learned during early childhood and in the 
absence of declarative verbal knowledge. As a consequence of these fundamental differences, 
we cannot assume that the nature by which performers „reinvest‟ will be consistent between 
ontogenetic and phylogenetic tasks [5].  
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Therefore, we examined whether EEG T3-Fz and T4-Fz coherence is sensitive to changes 
in attentional focus during a postural task. First, we compared low- and high-trait-reinvesters 
during a Baseline voluntary-sway task. Second, we compared changes in coherence during 
the same task performed when attentional focus was directed either internally or externally. 
We predicted greater T3-Fz, but not T4-Fz, coherence during Baseline sway in high-trait-
reinvesters. Moreover, higher T3-Fz, but not T4-Fz, coherence was predicted following 
instructions to direct attention internally.  
 
2. Methods 
2.1. Focus-of-Attention 
Twenty-four young adults (male/female: 16/8; mean±SD age: 25.6±3.6) completed a 
voluntary sway task. Ethical approval was obtained via the lead institution. Prior to 
participation, individuals completed the Movement Specific Reinvestment Scale (MSRS; [7]) 
which includes two subscales of trait-reinvestment: movement self-consciousness 
(“monitoring” or self-presentational concerns; R-MSC); and conscious motor processing 
(“controlling”; R-CMP). Participants produced small swaying movements in either medial-
lateral (ML) or anterior-posterior (AP) direction for one-minute. A non-demanding postural 
task was selected to minimize EEG-contamination from muscle activity artefacts. The 
swaying task was completed under three different focus-of-attention conditions: Baseline (no 
instruction other than to “sway at a comfortable speed”); External (swaying in time with a 
metronome normalized to individual sway-speed); and Internal (instructed to explicitly focus 
on swaying and to consciously control movement). Participants completed two one-minute 
trials of both ML and AP swaying, under each of the three conditions (12 trials total). Trial 
presentation was randomized. Self-reported focus-of-attention was measured as a 
manipulation check, using a shortened version of the MSRS [2]. However, given the high 
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trial-count in the present research, we shortened the questionnaire further (one R-CMP item 
from the MSRS: “I am always thinking about my movements when doing this task”; one R-
MSC item from the MSRS: “I am self-conscious about the way I look when moving during 
this task”).  
***Figure 1*** 
2.2. EEG  
 EEG activity was recorded from 3 scalp locations (T3, T4, Fz; Fig. 1) referenced to the 
right mastoid using disposable electrodes (ARBO H124SG Ø 24 mm, Kendall, US), in 
accordance with the standard international 10-20 system [8]. The ground electrode was 
attached to the left mastoid. EEG was recorded and stored at a sample rate of 200Hz using a 
wireless EEG device (PET 4.0, Brainquiry, NL) and real-time biophysical data acquisition 
software (BioExplorer 1.6, CyberEvolution, US). An impedance test was conducted to ensure 
a sufficient signal-to-noise ratio before each measurement. The EEG signals were pre-
processed (low-pass filter: 42Hz, high-pass filter: 2Hz) to remove potential biologic artefacts. 
T3-Fz and T4-Fz coherence was calculated in 1Hz frequency bins throughout the one-minute 
trials of swaying, using previously described algorithms [6]. Alpha (8-12Hz) was selected as 
the most relevant frequency bandwidth, as it has been proposed that lower frequencies (i.e., 
alpha) are responsible for mediating long-range interactions between different brain areas, 
including frontal and temporal regions [9]. Furthermore, alpha activity is thought to reflect 
attentional processing; specifically, the retrieval of declarative knowledge [10]. Separate T3-
Fz and T4-Fz coherence averages were calculated for each trial, for both alpha1 (8-10Hz) and 
alpha2 (10-12Hz) frequency bandwidths. These values were then averaged across the relevant 
conditions. EEG pre-processing and coherence calculations were conducted using custom 
scripts in a biophysical data processing and analysis software (BioReviewer 1.6, 
CyberEvolution, US).  
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2.3. Statistical Analysis 
2.3.1. Baseline Comparison. Researchers have demonstrated between-group differences in 
T3-Fz coherence during a golf-putting task, when participants were split on the R-CMP 
subscale of the MSRS [6]. Therefore, R-CMP scores were selected as the most appropriate 
between-group variable for investigating trait-reinvestment. Participants were separated into 
low- (N=12, mean±SD=10.92±4.06) and high-R-CMP groups (N=12, mean±SD=20.67±2.46) 
using a median-split approach. Separate independent samples t-tests were used to compare 
the effects of R-CMP Group on Alpha1 (8-10Hz) and Alpha2 (10-12Hz) T3-Fz and T4-Fz 
coherence. 
2.4.2. Attentional Instruction. Separate repeated-measures ANOVAs were used to 
investigate the effect of Attentional Instruction on Alpha1 (8-10Hz) and Alpha2 (10-12Hz) 
T3-Fz and T4-Fz coherence. Data were log-transformed prior to statistical analysis. 
 
3. Results 
3.1. Baseline Comparison 
3.1.1. Alpha1 (8-10Hz). There was no between-group difference in either T3-Fz (t(22)=-
.15,p>.05,d=.07) or T4-Fz coherence (t(22)=.36,p>.05,d=.14). 
3.1.2. Alpha2 (10-12Hz). There was no between-group difference in either T3-Fz (t(22)=-
.42,p>.05, d=.18) or T4-Fz coherence (t(22)=.72,p>.05,d=.3). 
3.2. Attentional Instruction 
Manipulation checks revealed a significant effect of Attentional Instruction on self-
reported focus-of-attention (F(2,46)=27.86, p=.001, ƞp²=.55), with higher levels of internal 
focus during Internal, compared to both Baseline (p=.001) and External (p=.001) trials. 
3.2.1. Alpha1 (8-10Hz). There was no significant effect of Attentional Instruction on either 
T3-Fz (F(2,46)=.93, p=.40, ƞp²=.04) or T4-Fz coherence (F(2,46)=1.01, p=.37, ƞp²=.04). 
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3.2.2. Alpha2 (10-12Hz). There was a significant effect of Attentional Instruction on T3-
Fz coherence (F(2,46)=5.64, p=.006, ƞp²=.20). Post-hoc tests revealed that coherence was 
significantly higher in Internal, compared to Baseline (p=.042) and External (p=.012) trials. 
There was no significant effect of Attentional Instruction on T4-Fz coherence (F(2,46)=2.48, 
p=.095, ƞp²=.10). 
***Table 1*** 
 
4. Discussion 
In a similar fashion to that described for sporting/ontogenetic skills [6], Alpha2 (10-12Hz) 
T3-Fz coherence is sensitive to detecting changes in attentional focus during a voluntary-
sway task. We observed no difference in T3-Fz coherence between Baseline trials or trials in 
which participants directed attention externally. This suggests that the current task occurred 
with relatively low levels of conscious control. However, significantly higher T3-Fz 
coherence was observed under conditions where participants directed their attention 
internally. This indicates that during these trials performance may have relied less on lower 
level automatic control pathways, and instead participants attempted to consciously control 
sway movements in a feedforward manner, possibly with the use of explicit verbal movement 
cues [6]; as posited by Reinvestment Theory [4]. However, based on the current data we can 
only speculate as to the specific mechanisms by which an internal attentional focus of 
attention resulted in increased T3-Fz coherence. This question warrants further investigation, 
particularly regarding potential temporal relationships between T3-Fz coherence and 
maladaptive behavioural consequences. 
Contrary to predictions, we did not observe a between-group difference in Baseline 
coherence. This finding may indicate that younger adults cannot be assumed to utilize explicit 
verbal cues to control voluntary postural sway unless explicitly instructed to do so. As a 
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result, our data do not support the clinical application of this method of analysis in providing 
an objective indication of trait-reinvestment in tasks involving voluntary postural sway. 
However, it is possible that this lack of between-group difference was caused by the low-
level complexity of the swaying task, meaning that all participants, regardless of trait-
reinvestment, could control the movement with relative automaticity. As these results can 
only be generalized to a simple voluntary sway task, future researchers should look to 
investigate this method of analysis during more challenging postural tasks, and in individuals 
with balance impairments, to further assess the clinical utility of this assessment tool.  
10 
 
 
 
References 
1. Boisgontier MP, Beets IAM, Duysens J, Nieuwboer A, Krampe RT, Swinnen SP. Age-
related differences in attentional cost associated with posturaldual tasks: Increased 
recruitment of generic cognitive resources in older adults. Neurosci Biobehav R 2013; 
37: 1824-1837 
2. Zaback M, Cleworth TW, Carpenter MG, Adkin AL. Personality traits and individual 
differences predict threat-induced changes in postural control. Hum Mov Sci 2015; 40: 
393-409. 
3. Young WR, Olonilua M, Masters RS, Dimitriadis S, Williams AM. Examining links 
between anxiety, reinvestment and walking when talking by older adults during 
adaptive gait. Exp Brain Res 2015; 234(1): 161-172. 
4. Masters RSW, Maxwell JP. The theory of reinvestment. Int Rev Sport Exerc Psychol 
2008; 1(2): 160-183. 
5. Young WR, Williams AM. How fear of falling can increase fall-risk in older adults: 
Applying psychological theory to practical observations. Gait Posture 2015; 41(1): 7-
12. 
6. Zhu FF, Poolton JM, Wilson MR, Maxwell JP, Masters RSW. Neural co-activation as a 
yardstick of implicit motor learning and the propensity for conscious control of 
movement. Biol Psycho 2011; 87(1): 66-73. 
7. Masters RSW, Eves FF, Maxwell JP. Development of a movement specific 
Reinvestment Scale. In: Morris T, Terry P, Gordon S, Hanrahan S, Ievleva L, Kolt G, et 
al. (Eds.). Proceedings of the ISSP 11th World Congress of Sport Psychology, Sydney, 
Australia; 2005. 
8. Jasper HH. The ten-twenty electrode system of the International Federation. Electroen 
Clin Neuro 1958; 17(2): 37-46. 
11 
 
 
 
9. Von Stein A, Sarnthein J. Different frequencies for different scales of cortical 
integration: from local gamma to long range alpha/theta synchronization. Int J 
Psychophysiol 2000; 38: 301-313. 
10. Klimesch W. Alpha-band oscillations, attention, and controlled access to stored 
information. Trends Cogn Sci 2012; 16; 606-617. 
  
12 
 
 
 
  
 
 
 
 
 
 
 
Figure 1. The cortical locations of interest for the current study. Fz: motor planning. T3: 
verbal-analytic processing. T4: visuospatial processing. 
 
(Black and white printing) 
  
13 
 
 
 
Table 1. Mean ± SD values for alpha1 (8-10Hz) and alpha2 (10-12Hz) T3-Fz and T4-Fz 
coherence.  
 
 
 
 
 
 
 
 
 
 
(Black and white printing) 
 
 
 
    Between-Group Comparison           Focus-of-Attention 
Low-R-
CMP 
High-R-
CMP 
Baseline External Internal 
Alpha1 (8-10Hz) 
T3-Fz Coherence 
 
 
.360 ± .10 
 
.366 ± .09 
 
.363  ± .09 
 
.351  ± .08 
 
.357  ± .09 
Alpha1 (8-10Hz) 
T4-Fz Coherence 
 
 
.310 ± .07 
 
.298 ± .09 
 
.304  ± .08 
 
.315  ± .08 
 
.313  ± .09 
Alpha2 (10-
12Hz) T3-Fz 
Coherence 
 
 
.326 ± .08 
 
.342 ± .08 
 
.333  ± .08 
 
.335  ± .09 
 
.363  ± .1 
Alpha2 (10-
12Hz) T4-Fz 
Coherence 
 
 
.290 ± .09 
 
.263 ± .09 
 
.277  ± .09 
 
.290  ± .09 
 
.299  ± .1 
